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I.  INTRODUCTION 

The  mechanism  of  anion  adsorption,  the  first  step  in  passive  film 
breakdown  leading  to  localized  corrosion,  has  been  described  by  a  model 
based  on  surface  charge  considerations  and  the  pH  of  zero  charge  of  an 
oxide,  pHpzc  (1,2).  At  the  pHpZc  the  surface  of  an  oxide  has  no  net  charge.  At 
pHs  lower  than  the  pHpzc,  the  surface  has  a  net  positive  charge,  and  anions 
such  as  chloride  are  electrostatically  attracted  to  the  surface  and  can 
become  incorporated  into  the  oxide  film.  The  incorporated  anions  cause 
film  disruption  and  loss  of  passivity.  At  pHs  higher  than  the  pHpzc,  the 
surface  has  a  net  negative  charge  and  anion  adsorption  is  inhibited. 

The  pHpzc  model  predicts  that  the  surface  charge  of  an  oxide  such  as 
aluminum  oxide  can  be  changed  by  introducing  other  oxide-forming 
elements  into  the  oxide  film  and  thereby  increasing  or  decreasing  anion 
adsorption  and  the  susceptibility  to  localized  corrosion.  Experimental 
results  for  binary  aluminum  surface  alloys  produced  by  ion  implantation 
lend  support  to  this  model.  As  shown  in  Figure  1,  ion  implantation  with 
elements  such  as  Mo,  Si,  Cr,  Zr  and  Nb  for  which  the  oxides  have  a  pHpzc 
lower  than  that  of  aluminum  oxide  increased  the  pitting  resistance  of 
aluminum,  whereas  implantation  with  Zn,  for  which  the  oxide  has  a  higher 
pHpzc  than  aluminum  oxide,  decreased  the  pitting  resistance  of  aluminum 
(1,2). 

One  factor  that  prevented  a  more  quantitative  correlation  between  the 
pitting  potential  and  the  pHpzc  was  that  the  surface  concentration  of  the 
implanted  species  was  lower  than  desired  and  varied  with  the  implanted 
species.  For  example,  the  actual  surface  concentrations  of  the  implanted 
elements  for  the  Si-AI,  Zr-AI  and  Mo-Al  surface  alloys,  shown  in  Figure  1 


pH  of  Zero  Charge  of  Oxide 


Figure  1.  Pitting  potentials  of  the  nominal  12  a/o  ion  implanted  samples 
in  0.1  M  NaCI  vs.  the  pH  of  zero  charge  of  the  oxide  of  the 
implanted  species. 
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were  8,  4  and  approximately  2  atomic  percent  (a/o),  respectively.  Also,  in 
some  some  cases  the  surface  concentration  of  the  implanted  species  was 
independent  of  the  implantation  dose.  When  Mo  was  ion  implanted  under 
conditions  that  were  to  yield  nominal  surface  concentrations  of  4,  12,  or 
20  a/o,  the  actual  surface  concentration  for  all  alloys  was  approximately 
1  to  2  a/o  (1,2).  These  effects  were  caused  by  radiation  enhanced 
diffusion,  radiation  induced  segregation,  and/or  ion  channelling.  (1,2) 

In  order  to  further  study  the  relationship  between  the  pitting 
potentials  and  the  pHpzc  and  to  produce  surface  alloys  of  engineering 
significance,  it  is  necessary  to  produce  surface  alloys  with  higher,  more 
consistent  surface  concentrations  of  the  alloying  element.  Ion  beam 
mixing  is  an  extension  of  ion  implantation  in  which  a  sputter  deposited  or 
evaporated  thin  film  of  several  hundreds  to  thousands  angstroms 
thickness  is  induced  to  intermix  with  the  substrate  using  the  collisional 
cascades  generated  by  bombardment  with  an  inert  ion,  such  as  xenon  or 
argon,  or  with  an  ion  that  can  be  chemically  reactive,  such  as  chromium  or 
molybdenum.  Ion  beam  mixing  retains  all  of  the  advantages  of  ion 
implantation  and  offers  a  method  of  producing  surface  alloys  with  higher 
surface  concentrations  of  the  alloying  element.  In  addition,  previous  work 
indicates  that  ion  beam  mixing  is  a  promising  technique  for  producing 
samples  with  improved  corrosion  resistance  (2,3).  This  communication 
reports  on  the  anodic  behavior  of  Mo-AI,  Cr-AI  and  Cr-Mo-AI  surface 
alloys  produced  by  ion  implantation  and  by  ion  beam  mixing. 


II.  EXPERIMENTAL  METHOD 


Because  ion  beam  modification  is  a  line  of  sight  process,  it  was 
important  to  prepare  flat,  featureless  surfaces.  Samples  were  cut  from  a 
3/4  inch  diameter  aluminum  rod  (99.999%  pure)  and  were  polished 
automatically.  The  final  polish  was  performed  on  a  polishing  wheel  using 
0.06  pm  S1O2  in  a  basic  suspension  so  that  the  final  step  was  a  chemical 
as  well  as  a  mechanical  polish.  Final  polishing  times  did  not  exceed  3 
minutes.  Chromium  and  molybdenum  samples  were  polished  to  a  3  pm 
finish  using  diamond  spray. 

After  polishing,  the  aluminum  samples  were  implanted  with  a  selected 
ion  (Mo,  Cr,  or  Cr+Mo)  using  the  conditions  described  in  Table  1.  The 
samples  were  clamped  to  a  water-cooled  heat  sink  to  maintain 
temperatures  less  than  30°C  during  ion  implantation  and  the  vacuum  was 
0.8  to  2  x  10‘6  torr.  The  samples  were  implanted  to  produce  a  depth 
concentration  profile  that  had  a  peak  concentration  nominally  at  the 
surface  extending  500  angstroms  into  the  bulk  before  decreasing.  Samples 
were  analyzed  before  and  after  pitting  by  Rutherford  backscattering 
spectroscopy  (RBS)  and  in  some  instances  by  X-ray  photoelectron 
spectroscopy  (XPS).  RBS  data  on  as-polished  and  as-implanted  samples 
indicated  surface  oxygen  concentrations  of  15  to  30  x  1015  atoms/cm2 
computed  as  21  to  42  A  of  stoichiometric  AI2O3.  RBS  profiles  were 
obtained  with  a  2  MeV  alpha-particle  beam  produced  by  the  NRL  5  MV  Van 
de  Graaff  accelerator.  A  glancing  angle  of  detection  of  8°  from  the  surface 
plane  was  used  to  enhance  the  depth  resolution;  the  scattering  angle  was 
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X-ray  photoelectron  spectroscopy  (XPS)  measurements  were  made 
using  a  Surface  Science  Laboratories,  Inc.  Model  SSX-1 00-03 
spectrophotometer  with  a  monochromatic  Al  Ka  X-ray  source.  The  spot 
size  was  either  600  or  300  pm;  and  the  pass  energy  was  100  eV.  The  base 
pressure  was  8  x  10*9  torr  or  better.  The  XPS  spectra  were  corrected  for 
charge  shifts  by  normalizing  binding  energies  to  that  of  the  carbon  Is 
peak  of  adventitious  carbon  at  284.6  eV  (4). 

Mo-AI,  Cr-AI  and  Cr-Mo-AI  ion  beam  mixed  surface  alloys  were 
prepared  as  follows.  A  100  to  300  A  coating  of  the  selected  element(s) 
was  vapor  or  sputter  deposited  onto  an  aluminum  substrate,  and  mixing 
was  then  accomplished  with  Xe+,  Xe++,  Cr+  or  Mo+  ions  at  energies  from 
110  to  250  keV.  A  complete  listing  of  preparative  conditions  is  given  in 
Table  2.  The  ion  beam  mixed  samples  were  examined  with  RBS  and  XPS 
before  and  after  pitting  corrosion  experiments. 

Samples  were  attached  to  electrode  holders,  and  the  sample  sides  and 
the  edge  of  the  face  to  be  tested  were  masked  with  several  coats  of  an 
alkyd  varnish.  The  electrochemical  measurements  were  made  in  a 
deaerated  0.1  M  NaCI  solution  using  a  conventional  corrosion  cell.  The  0.1  M 
NaCI  solution  was  made  with  reagent  grade  NaCI  and  triply  distilled  water 
prepared  in  a  quartz  still.  The  solution  pH  was  approximately  6;  argon  was 
used  to  deaerate  the  solution.  The  samples  were  immersed  in  the  solution 
for  24  hours  to  establish  a  steady  state  open  circuit  potential.  The  pitting 
potentials  for  ion  implanted,  ion  beam  mixed,  and  untreated  metal  (Al,  Cr, 
and  Mo)  samples  were  then  determined  potentiostatically  by  stepping  the 
potential  in  25  to  50  mV  increments  from  the  corrosion  potential  in  the 
anodic  direction  allowing  the  current  to  reach  steady  state  values.  Usually 
16  to  20  minutes  were  required  at  each  potential. 
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III.  Results  and  Discussion 

A.  Untreated  Metals 

Anodic  polarization  curves  for  Al,  Mo,  and  Cr  are  shown  in  Figure  2. 

The  polarization  curve  for  Al  show  that  Al  has  a  large  passive  range  and 
that  pitting  occurs  at  -0.700  VSce-  The  polarization  curves  for  Mo  and  Cr, 
and  subsequent  optical  examination  show  that  both  metals  undergo  general 
dissolution.  This  behavior  has  been  observed  previously  for  Mo  in  a  variety 
of  electrolytes  (5,6).  It  has  been  shown  that  Cr  exhibits  active-passive 
behavior  in  1M  H2SO4  and  HCI  (  6,7  ),  but  in  this  investigation,  both  Mo  and 
Cr  were  unable  to  form  passive  films  in  deaerated  0.1  M  NaCI. 

B.  Ion  Implantation 

As  has  been  discussed  above  and  elsewhere  (1,2),  the  desired  depth 
concentration  profiles  for  the  implanted  species  were  not  obtained  due  to 
radiation  enhanced  diffusion,  radiation  induced  segregation  and/or  ion 
channelling.  (1,2)  For  example,  the  XPS  depth  concentration  profile 
presented  in  Figure  3  shows  that  the  actual  surface  concentration  of  Cr  in 
the  surface  alloy  that  was  implanted  at  doses  to  produce  a  12  a/o  Cr 
surface  alloy  was  actually  about  1  to  2  a/o.  Figure  4  shows  the  anodic 
polarization  curves  for  Al  and  the  Cr-AI  surface  alloy.  It  can  be  seen  that 
the  effect  of  implantation  with  Cr  was  to  increase  the  pitting  potential  of 
Al  by  135  mV.  It  has  been  demonstrated  previously  that  the  physical 
damage  due  to  ion  implantation  does  not  affect  the  pitting  potential  and 
that  improvements  in  the  pitting  potential  from  various  implanted  species 
can  be  attributed  to  chemical  effects  (1).  Table  1  summarizes  the  results 


Curre 


0.1  M  NaCI 


Potential  (Vsce) 


Figure  4.  Anodic  polarization  curves  for  aluminum  and  a  nominal  12  a/o 
Cr-AI  surface  alloy. 
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Table  1.  Ion  implantation  conditions  and 

pitting  potentials  in  0.1  M  NaCl . 


Implanted  Ion 

Accelerating 
Voltage  (keV) 

Dose 

(xl016ions/cm2) 

Epit 

<VSCE> 

None 

- 

- 

-0.700 

Mo 

25 

1 

-0.545 

95 

2.8 

Cr 

25 

1.8 

-0.585 

95 

5.2 

Mo+Cr 

25  (Mo) 

0.35 

95  (Mo) 

0.79 

-0.565 

25  (Cr) 

2 

95  (Cr) 

5 

*Compared  to  pure  aluminum 


for  implantation  with  Cr,  Mo,  and  Cr+Mo.  The  increase  in  pitting  potential 
varies  from  0.115V  to  0.155V  for  the  three  cases. 

As  noted  above,  the  pHpzc  affects  the  surface  charge  and  therefore,  the 
adsorption  characteristics  of  an  oxide.  In  neutral  solutions  the  surface  of 
aluminum  oxide  consists  of  acidic  sites  (8,9)  which  are  receptors  for 
Lewis  bases  such  as  Cl*  whereas  M0O3,  Si02,  and  O2O3,  for  example,  are 
composed  of  basic  sites  (8-10)  to  which  CL  would  not  be  attracted.  As 
shown  in  Figure  3,  the  implanted  cations  are  contained  in  the  surface 
oxide  film  so  that  the  effect  of  ion  implantation  is  to  replace  a  portion  of 
the  aluminum-oxygen  bonds  in  the  passive  film  with  bonds  formed 
between  oxygen  and  the  implanted  ions.  Therefore,  ion  beam  modification 
offers  the  possibility  of  inhibiting  CL  ion  adsorption  by  changing  the 
pHpZc  of  the  surface  and  thereby,  extending  the  passive  range.  However,  in 
view  of  the  modest  improvement  in  pitting  potentials  due  to  the  low 
concentration  of  implanted  ions  in  the  oxide  film,  attention  was  next 
given  to  ion  beam  mixing  as  the  surface  modification  technique  of 
interest. 

c.  Ion. .Beam-Mixing 

Figure  5  shows  an  XPS  depth  concentration  profile  for  a  sample  in 
which  a  280  A  film  of  Mo  was  vapor  deposited  onto  an  Al  substrate  and 
subsequently  mixed  with  a  110  keV  Cr+  ion  beam.  It  can  be  seen  that 
partial  mixing  occurred  at  what  had  been  the  Mo/AI  interface,  but  that  the 
outer  portion  of  the  coating  remained  pure  Mo.  Figure  6  shows  anodic 
polarization  curves  for  Mo,  a  270A  Mo  film  deposited  on  Al,  and  a  280A  Mo 
film  deposited  on  Al  and  mixed  with  a  110  keV  Cr+  ion  beam.  The 
polarization  curve  for  the  270A  Mo  film  deposited  on  Al  shows  a  small 
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Figure  6.  Anodic  polarization  curves  for  molybdenum,  a  270A  molybdenum 
film  deposited  on  aluminum,  and  a  280A  molybdenum  film 
deposited  on  aluminum  and  ion  beam  mixed  with  110  keV  Cr+. 
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region  of  stable  behavior  followed  by  pitting,  whereas  the  polarization 
curve  for  the  Mo-AI  ion  beam  mixed  sample  shows  a  large  region  of 
passivity  (400mV)  until  the  polarization  curve  for  the  ion  beam  mixed 
sample  intersects  the  curve  for  the  Mo  sample,  i.e.  the  electrode  potential 
is  shifted  into  the  region  where  molybdenum  dissolves.  At  that  and  higher 
potentials  the  sample  behaves  similarly  to  Mo  and  undergoes  general 
dissolution  until  at  potentials  above  -0.050  VSce  pitting  occurs. 

Table  2  summarizes  the  pitting  potential  measurements  for  the  ion 
beam  mixed  surface  alloys.  It  can  be  seen  that  vapor  deposition  of  Mo 
increases  the  pitting  potential  (relative  to  pure  Al)  by  50mV,  whereas 
subsequent  ion  beam  mixing  provides  a  total  increase  of  100  to  650mV.  It 
should  be  noted  that  in  the  better  of  these  two  results  (mixing  with  Cr+), 
the  improvement  is  not  due  to  the  presence  of  chromium  ions  at  the 
surface  as  chromium  is  buried  beneath  the  outer  surface  and  does  not 
begin  to  appear  until  near  the  region  of  mixing.  In  addition,  it  should  be 
noted  that  pitting  occurs  after  the  ion  beam  mixed  sample  first  undergoes 
general  dissolution.  That  the  Mo  ion  beam  mixed  sample  would  undergo 
general  dissolution  is  not  surprising  since,  as  shown  in  Figure  5,  the  outer 
portion  of  the  coating  was  Mo. 

RBS  analysis  provided  additional  evidence  that  general  dissolution 
occurred  on  the  ion  beam  mixed  sample.  For  example,  a  comparison  of  the 
areas  of  the  Mo  RBS  peaks  before  and  after  polarization  (Figure  7)  showed 
that  approximately  70%  of  the  Mo  was  lost  during  polarization.  The 
remaining  Mo  was  incorporated  in  the  aluminum  oxide  film  that  was 
present  on  the  Al  substrate  before  deposition  of  the  Mo.  Figure  8  shows 
the  individual  Mo  peaks  collected  for  each  step  of  the  depth  concentration 
profile  presented  in  Figure  5.  At  the  first  step,  accumulated  before 


Table  2.  Ion  beam  mixing  conditions  and 

pitting  potentials  in  0 . 1M  NaCl . 


Deposition 

Mixing 
Condit ions 

Dose 

(xlOl6ions/cm2) 

Epit  (VSCE> 

AEDit*  (V) 

None 

None 

- 

-0.700 

- 

Vapor 

deposition 

Mo (270A) 

None 

_ 

-0 . 650 

+0.050 

Vapor 

deposition 

Mo (300A) 

Xe++, 250  keV 

3.5 

-0.600 

+0 . 100 

Vapor 

deposition 

Mo (280A) 

Cr+,110  keV 

3.0 

-0.050 

+0.650 

Sputter 

deposition 

Mo(100A) 

None 

_ 

-0.650 

+0.050 

Sputter 

deposition 

Mo(100A) 

Mo+, 190  keV 

0.5 

-0.600 

+0.100 

Sputter 

deposition 

Mo (lOOA) 

Mo+, 190  keV 

1.5 

-0 . 600 

+0.100 

Sputter 

deposition 

Cr ( 100A) 

None 

. 

-0.600 

+0.100 

Sputter 

deposition 

Cr (lOOA) 

Cr+, 120  keV 

1 

-0.575 

+0.125 

Sputter 

deposition 

Cr (lOOA) 

+Mo ( 100A) 

None 

-0.600 

+0.100 

Sputter 

deposition 

Cr (lOOA) 

+Mo (100A) 

Cr+, 120  keV 

1 

-0.575 

+0.125 

*Compared  to  pure  aluminum 
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Figure  7.  RBS  profiles  before  (soild  line)  and  after  polarization  (dotted 
line)  of  a  sample  in  which  a  280A  molybdenum  coating  on 
aluminum  was  ion  beam  mixed  with  110  keV  Cr. 
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—  Binding  Energy  (eV) 

238.7  216.0 
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8.  Individual  molybdenum  XPS  peaks  collected  at  each  step  of 
the  XPS  depth  concentration  profile  shown  in  Figure  5. 


sputtering,  peaks  corresponding  to  Mo  metal  and  oxidized  Mo  were 
observed.  A  more  detailed  analysis  showed  that  the  oxidized  Mo  was 
present  as  Mo+4  and  Mo+6.  Subsequent  data  accumulations,  taken  after 
each  sputter  interval,  show  only  peaks  corresponding  to  Mo  metal.  Thus 
the  Mo  associated  with  the  aluminum  oxide  film  on  the  Al  substrate  was 
present  as  Mo  metal.  The  increased  resistance  to  pitting  of  the  ion  beam 
mixed  sample  compared  to  that  of  the  as-deposited  coating  presumably 
occurred  because  ion  beam  mixing  produced  a  more  compact,  less  porous 
coating. 

Because  there  was  incomplete  mixing  with  the  270  to  300A  coatings, 
it  was  decided  to  use  thinner  coatings,  i.e.  a  100A  Mo  coating  on  Al  that 
was  subsequently  mixed  with  a  120  keV  Mo+  ion  beam.  The  XPS  depth 
concentration  profile  for  the  mixed  sample  was  similar  to  that  in  Figure  5 
but  showed  that  there  was  a  higher  degree  of  mixing  compared  to  samples 
with  the  thicker  coatings,  although  the  outer  surface  was  still  composed 
of  a  high  percentage  of  Mo.  As  in  the  case  of  the  280A  film  of  Mo,  the  first 
set  of  peaks,  accumulated  before  sputtering,  show  the  presence  of  Mo 
metal  and  oxidized  Mo,  while  subsequent  peaks  show  only  peaks 
corresponding  to  Mo  metal.  A  more  detailed  analysis  showed  that  the 
oxidized  Mo  at  the  surface  was  present  as  Mo+4  and  Mo+6.  The  Al  to  Mo 
ratio  in  the  outer  portion  of  this  film  (approximately  the  first  30A)  was 
1 :4  as  determined  by  XPS  analysis.  A  comparison  of  the  XPS  depth  profiles 
before  and  after  polarization  showed  that  the  thickness  of  an  as- 
deposited  Mo  coating  decreased  by  35%  as  a  result  of  polarization, 
indicating  that  general  dissolution  as  well  as  pitting  was  occurring. 

Since  the  ion  beam  mixing  doses  used  to  produce  the  samples  described 
above  did  not  provide  the  desired  degree  of  mixing,  the  mixing  dose  was 


increased  (from  0.5  to  1.5  X  1016  ions/cm2).  See  Table  2  for  details. 

Figure  9  shows  a  XPS  depth  concentration  profile  for  a  100A  Mo  film 
mixed  at  the  higher  dose.  The  profile  shows  a  much  higher  degree  of 
mixing  with  the  Al  to  Mo  ratio  being  35:1.  An  XPS  examination  of  the 
surface  before  sputtering  showed  that  about  1  a/o  of  the  Mo  at  the  surface 
was  present  in  the  form  of  molybdenum  oxides.  The  concentration  of 
molybdenum  oxides  in  the  ion  beam  mixed  alloy  was  comparable  to  that  of 
the  ion  implanted  samples,  and  the  pitting  potentials  were  similar;  see 
Tables  1  and  2. 

Cr-AI  ion  beam  mixed  samples  were  produced  under  the  conditions 
described  in  Table  2.  The  XPS  depth  concentration  profiles  for  the  100A  Cr 
ion  beam  mixed  samples  were  similar  to  that  of  the  100A  Mo  ion  beam 
mixed  samples  that  were  produced  under  the  same  conditions,  i.e.  there 
was  partial  mixing  of  the  substrate  and  the  coating.  The  ratio  of  Al  to  Cr 
at  the  surface  was  1/20.  The  polarization  curves  for  a  100A  Cr  film 
deposited  on  Al  and  for  a  100A  Cr  film  ion  beam  mixed  with  a  110  KeV  Cr+ 
ion  beam  were  similar  to  each  other,  and  to  the  polarization  curves  for  the 
100A  Mo  mixed  and  unmixed  samples  that  were  produced  under  the  same 
conditions. 

Cr-Mo-AI  samples  were  produced  using  the  conditions  described  in 
Table  1.  The  XPS  depth  concentration  profile  showed  partial  mixing  at 
what  had  been  the  Cr/Mo  and  Mo/AI  interfaces.  The  outer  portion  of  the 
coating  was  Cr.  The  polarization  behavior  for  the  as-deposited  films  and 
for  the  ion  beam  mixed  samples  again  were  similar  to  each  other,  and  to 
the  polarization  curves  for  the  100A  Mo  mixed  and  unmixed  samples  that 
were  produced  under  the  same  conditions. 


SPUTTER  TIME  (sec) 


25' 


0 


Figure  9.  XPS  depth  concentration  profile  for  a  sample  in  which  a  100A 
molybdenum  coating  on  aluminum  was  ion  beam  mixed 
with  120  keV  Mo+. 
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In  all  of  the  experiments  on  ion  beam  mixed  samples,  the  pitting 
potential  was  more  positive  than  that  for  the  unmixed  coating.  However, 
the  increases  in  pitting  potential  were  generally  modest  ones  (100  to 
125mV),  with  one  exception  where  there  was  a  650mV  increase. 

The  objective  of  using  ion  beam  mixing  has  been  to  introduce  oxide 
forming  elements  whose  oxides  had  a  pHpzc  lower  than  that  of  Al  into  the 
aluminum  oxide  lattice  in  concentrations  higher  than  could  be 
accomplished  using  ion  implantation.  In  the  case  of  ion  implantation,  the 
concentration  of  Mo  in  the  oxide  film  remained  less  than  2  a/o  even  for 
doses  above  sputter  saturation  where  the  Mo  sputter-limited 
concentration  was  20  a/o  (2).  For  ion  beam  mixing  of  the  100A  Mo  film, 
two  situations  were  observed:  1)  for  a  dose  of  0.5  xIO16  ions/cm2  Mo,  the 
film  was  partially  mixed  at  the  interface,  but  remained  pure  Mo  at  the 
surface,  and  2)  for  doses  of  1.5  x  1016ions/cm2  Mo,  the  Mo  was  totally 
mixed  and  the  Mo  concentration  in  the  oxide  film  was  again  only  2  a/o. 
Thus  with  either  ion  implantation  or  ion  beam  mixing,  the  ability  to 
control  the  surface  concentration  of  Mo  is  complicated  by  ion  induced 
diffusion/segregation  phenomenon.  It  is  known  that  vacancy  defects  are 
mobile  at  room  temperature  in  Al,  so  observations  of  ion  induced 
migration  are  not  surprising.  Under  the  mixing  conditions  described  here, 
the  mixed  elements  remained  almost  entirely  in  the  metallic  form  and  the 
desired  mixed  oxides  were  not  formed. 

Because  Al  appears  in  large  concentrations  at  the  surface  as  shown  in 
Figure  9,  it  is  possible  to  deduce  that  the  mobile  species  is  Al,  which 
migrates  from  the  Mo/AI  interface  to  the  surface.  Control  of  the  surface 
concentration  of  Mo  with  either  ion  implantation  or  ion  beam  mixing 
should  be  possible  by  performing  cold  implantations. 
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IV.  Summary 

Ion  implantation  was  used  to  produce  binary  aluminum  surface  alloys 
and  these  alloys  had  an  improved  resistance  to  pitting  attack.  From  the 
standpoint  of  the  pHpzc  model  this  behavior  would  be  explained  by  the 
presence  of  the  implanted  cations  in  the  stable  oxide  lattice.  There  was 
incomplete  mixing  of  the  coating  and  substrate  for  the  ion  beam  mixed 
samples,  and  the  mixed  elements  remained  almost  entirely  in  the  metallic 
state  so  that  the  desired  mixed  oxide  films  were  not  formed.  The  increase 
in  the  pitting  potentials  for  the  ion  beam  mixed  samples  were,  in  all  but 
one  case,  similar  to  the  pitting  potentials  of  the  ion  implanted  samples. 
Mo  and  Cr  did  not  form  stable  oxide  films  in  the  deaerated  0.1  M  NaCI  and 
corrosion  proceeded  by  general  dissolution. 
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